Accumulating evidence suggests that with time human stem
Stem cells and human aging
Totipotent stem cells are ones that a capable of giving rise to every cell type in the organism, such as human embryonic stem cells. Pleuripotent stem cells are ones that are capable of differentiating into several different (but not all) cell types, and are generally found in the adult where they replenish cells in tissues such as the gut lining and the blood. Accumulating evidence suggest that with time human stem cells may become depleted or defective, thereby contributing to the aging phenotype of individual tissues and the organism as a whole (Kirkwood 2004; Effros 2004) .
The Drosophila aging model
The fruit fly Drosophila melanogaster has been a leading model for aging research for 100 years (Arking and Dudas 1989; Baker et al. 1989; Helfand and Rogina 2003) . The benefits of Drosophila include its short life span (õ2 months) ease of culture and the availability of powerful genetic and molecular biological tools. The latter includes the P element: a class II DNA transposable element which was engineered to carry modified or foreign genes into the Drosophila genome, and allow germ line transformation, as well as insertional mutagenesis and other genetic manipulations (Rubin and Spradling 1982; AGE (2005) 27: 201-212 DOI 10.1007/s11357-005-2914-1 Spradling et al. 1995 Spradling et al. , 2001 Tower 2000) . One disadvantage of Drosophila is that its small size has precluded detailed study of pathology and cause of death. For this reason life span is still the most reliable measure of Drosophila aging rate.
Current theory suggests that aging exists in both Drosophila and humans due to the decreasing force of natural selection as a function of age, and has an underlying genetic basis (Charlesworth 1994; Partridge and Barton 1993; Rose 1991; Kirkwood 1995) . Much of the experimental support for this theory has come from study of Drosophila. Powerful genetic and molecular techniques have allowed manipulation of Drosophila life span by genetic selection of populations, single gene mutations, and using transgenes (Tower 2000) . The data have made Drosophila a leading model for aging studies, and implicate oxidative stress, heat shock proteins, chromatin structure, endocrine and insulin signaling and metabolic capacity/reserves as major factors (Landis and Tower 2005; Tatar et al. 2003; Kenyon 2005; Partridge et al. 2005) .
The use of Drosophila as a model is supported by the numerous similarities between aging in Drosophila and mammals (Baker et al. 1989; Miquel et al. 1979) . These include a decline in performance of functions such as reproduction, learning, behavior and locomotion. At the ultrastructural level similarities include deterioration of muscle and nervous tissue, and accumulation of intracellular inclusions such as pigments (lipofuscin), abnormal mitochondria and virus-like particles. At the molecular level similarities include the accumulation of oxidatively damaged DNA and proteins and mitochondrial genome deletions (Landis and Tower 2005) . Numerous genes involved in DNA repair and genomic stability have been identified in Drosophila by mutations, and many more are suggested by sequence homology and analysis of the Drosophila genome sequence (Sekelsky et al. 2000) . As a consequence, Drosophila is also emerging as a leading model system for study of DNA repair, cell cycle control and genomic stability. Relatively few studies have bridged these areas to investigate the potential role of DNA repair and genome stability in Drosophila aging and life span regulation.
Replicative senescence of mammalian cells
The FHayflick phenomenon_ provides a paradigm for how stem cell division might become limited during aging (Hayflick 1965) . During culturing of mammalian cells, most cells are incapable of dividing for indefinite times, with a few exceptions including embryonic germ cells and most tumor cells. Instead, the cell division and proliferation are arrested after a certain number of cell cycles, depending on the cell type, donor age, and tissue type. This phenomenon is called Freplicative senescence_ according to its phenotype. Unlike apoptosis, during replicative senescence the cells remain alive, but arrest growth containing G1 DNA content, and cannot initiate DNA replication (Stanulis-Praeger 1987; Cristofalo and Pignolo 1993; Campisi 2005; Tominaga et al. 2002) . In several cell types, replicative senescence has been found to result from telomere shortening. Telomeres exist at both ends of each chromosome. In vertebrates, telomeres consist of a repetitive DNA sequence of TTAGGG with a single stranded 3 0 overhang bound by a specialized protein complex. Telomeres cap the end of chromosomes, enabling the cells to distinguish the chromosome ends from DNA double strand breaks (Blackburn 2000) . Therefore, chromosome fusion and genome instability can be prevented. During the S phase of the cell cycle, DNA replication is bidirectional and DNA polymerase unidirectionally copies from 5 0 to 3 0 . Because it requires an RNA primer, DNA polymerase cannot replicate the last 50Y200 bp of telomeric DNA in each S phase (Levy et al. 1992; Bodnar et al. 1998; Shay and Wright 2001) . As a consequence of this Fend-replication problem_ the telomeres progressively shorten with each cell division.
Embryonic germ line cells and most tumor cells circumvent the end-replication problem by expressing telomerase. Telomerase is a reverse transcriptase that adds the telomeric repetitive DNA sequence to the single stranded 3 0 overhang at the telomere end. Without the expression of telomerase in most somatic cells, telomere shortening eventually results in dysfunctional telomeres and growth arrest (Kim et al. 1994; Wright et al. 1996) . Telomeres end in a large lasso-like structure called the Ft loop_ (Griffith et al. 1999 ). It appears that rather than telomere length per se, it may be telomere structures such as the t loop that are sensed by cell, thereby regulating the senescence response (Munoz-Jordan et al. 2001; Rubio et al. 2002) .
Most cells respond to dysfunctional telomeres by manifesting a senescence phenotype. This reversible senescence is conferred and maintained primarily by p53 and pRB, both of which are tumor suppressor genes (Campisi 2005; Dimri et al. 2000) . Inactivation of p53 and pRB prevents cultured human and mouse cells from undergoing senescence in response to multiple stimuli, including repeated cell division, DNA damage and oncogenic RAS. However, p16 provides a dominant second barrier to cell division. Cells with high levels of p16 in senescence failed to proliferate upon p53 inactivation or RAS expression, although they re-entered the cell cycle without growth upon pRB inactivation .
Telomere shortening and dysfunction is only one of a few stimuli that can trigger a senescence response. Certain types of DNA damage (Chen et al. 1998) induce normal mammalian cells to undergo a senescence arrest. This includes oxidative damage, which includes but is not limited to double strand DNA breaks (Di Leonardo et al. 1994; Samper et al. 2000) . The expression of certain oncogenes such as RAS (Itahana et al. 2003) , RAF (Serrano and Blasco 2001) , or MEK/MAPK mitogenic signals ) and overexpression of E2F1 (Serrano and Blasco 2001) can induce senescence. Perturbations in chromatin (Howard 1996) that open or decondense chromatin induce senescent phenotypes in human and mouse cells. The chromatin remodeling protein BMI-1 suppresses expression of the p16 tumor suppressor, which controls pRB. Cells that overexpress BMI-1 have an extended replicative life span, whereas loss of BMI-1 causes premature cellular senescence (Peeper et al. 2001) . Now with these additional senescent stimuli that do not involve telomere shortening, it is apparent that replicative senescence is an example of a more general process often called Fcellular senescence_ (Campisi 2005; Tominaga et al. 2002; Campisi et al. 2001) .
Drosophila telomeres are somewhat unusual in that the repeated sequence structure at the end consists of head-to-tail arrays of telomere specific, non-long terminal repeat (LTR) retrotransposons, called HeT-A and TART (Pardue and DeBaryshe 2003) . The terminal ends of Drosophila telomeres are dynamic due to erosion and new attachment of HeT-A/TART elements (Biessmann et al. 1990; Biessmann and Mason 1988; Levis 1989; Biessmann et al. 1992; Kahn et al. 2000; Sheen and Levis 1994) . Two Drosophila homologs of Ku, Ku70 and Ku80, have recently been proposed to bind to telomeric sequences, thereby stabilizing them and preventing their elongation and gene conversion (Melnikova et al. 2005) . The possible role of telomeres in Drosophila cell cycle control and aging remains largely unexplored.
Drosophila stem cells and aging
Female Drosophila can produce hundreds of eggs throughout their life span. Continued egg production requires continued division of the ovarian stem cells. Figure 1 . Egg production by Drosophila melanogaster during aging. Egg production was measured over three-day windows throughout the life span of a large cohort of age-synchronized flies. The males were replaced with young males every two weeks. Error bars represent standard deviation s.
A dramatic decrease in egg production is observed during female aging and is therefore indicative of a dramatic decrease in the rate of stem cell division ( Figure 1 ). It is currently unknown if this replicative senescence is due to a defect in the stem cells themselves, or due to the lack of a division signal normally sent to the stem cells from elsewhere in the animal. A separate but related question is how long do individual stem cells survive during aging? It has been suggested that the stem cells in the Drosophila ovary are lost at a finite rate, yielding a half life of 2Y3 weeks for SSCs and 4Y5 weeks for GSCs (Margolis and Spradling 1995a, b; Spradling 1998, 2000; Song and Xie 2003) .
Stem cells and the Drosophila ovary
Embryonic stem cells are totipotent, capable of giving rise to cells that make up every organ in the adult. In contrast, stem cells that are present in the adult organism have a more limited differentiation potential and most often are used for tissue maintenance or tissue repair after wounding (Jones 2001) . The Drosophila ovary constitutes a well-characterized dual stem cell system, the germ-line and the somatic stem cells, with coordinated behavior that contributes to a common organ. This system has a simple, easy-to-manipulate structure, to study the interactions between the stem cells and the microenvironments in which they are maintained Y the socalled stem cell niches (King et al. 2001; Morrison et al. 1997; Spradling et al. 1997 Spradling et al. , 2001 ). Drosophila oogenesis is initiated when a germ-line stem cell divides asymmetrically to produce a daughter stem cell which always remains attached to the cap cells, the other daughter cell, a cystoblast that ends up one cell diameter away from the cap cells (Deng and Lin 2001) (Figure 2 ). The cystoblasts undergo four rounds of synchronous division to produce groups of 2, 4, 8 and eventually 16 interconnected cystocytes, the precursors of the oocyte and nurse cells . Two somatic stem cells reside in the middle of the germarium and give rise to all of the somatic follicle cells. Three types of mitotically quiescent somatic cells are located in the vicinity of the stem cells: terminal filament (TF) and cap cells (CpCs) contact the germ-line stem cells, while the inner germarial sheath cells (IGS) lie more posteriorly and contact both stem cell types (Margolis and Spradling 1995b; Xie and Spradling 1998) .
Consistent with the existence of niches, the terminal filament, cap cells and IGS cells generate signals and make physical contacts essential for GSC and SSC function Spradling 1998, 2000; Song and Xie 2003; King and Lin 1999; Cox et al. 1998) . The loss of stem cells is indicated by the fact that initially mosaic ovarioles tend to become monoclonal with age. The differences in the reported life spans of GSCs (half life of 4Y5 weeks) and SSCs (half life of 2Y3 weeks) (Margolis and Spradling 1995b; Spradling 1998, 2000; Song and Xie 2003) may reflect the various capacities of diverse stem cells to self-renew. Lost stem cells may be defective in their ability to receive critical niche cell signals. Over time, stem cells may undergo intrinsic changes that shorten their life span, such as accumu- lation of cell cycle inhibitors or damage to DNA and protein machinery that could contribute to this stem cell instability. Although individual stem cells in the Drosophila ovary may have a limited life span, the ovary can function well beyond the lifespan of individual stem cells . The niche has the appropriate supporting cells that provide the necessary signals needed to maintain and replicate the stem cells (Kai and Spradling 2003) . Within a niche, a lost stem cell can be replenished when a remaining stem cell is caused to divide symmetrically.
Pathways regulating stem cell division and maintenance
The asymmetric division of GSCs is controlled by both intracellular and intercellular mechanisms (Figure 3 ). GSCs divide asymmetrically with respect to the spectrosome, an intracellular organelle present only in the GSCs and cystoblasts. The spectrosome is composed of membrane skeletal components such as a-Spectrin, and an Adducin homolog encoded by hu-li tai shao(hts) and putative cell fate determinants (Lin et al. 1994; Lin and Spradling 1995; McKearin and Ohlstein 1995; de Cuevas et al. 1996; Leon and McKearin 1999; Deng and Lin 1997) . It orients the polarity of the GSC division so that the daughter stem cell remains in contact with cap cells. The intracellular mechanism also includes pumilio that promotes GSC self-renewal. (Lin and Spradling 1997; Forbes and Lehmann 1998; Parisi and Lin 1999; Cox et al. 2000) and bag of marbles (bam) that promotes cystoblast differentiation (McKearin and Ohlstein 1995; McKearin and Spradling 1990; Ohlstein and McKearin 1997) . Intercellular signaling mechanisms, mediated by Yb, piwi, and decapentaplegic (dpp), are essential for GSC maintenance (Xie and Spradling 1998 Spradling , 2000 King and Lin 1999; Cox et al. 1998) . Yb, produced by cap cells and TF, plays an important role in regulating the function of both germline and somatic stem cells through parallel signaling pathways mediated by piwi and hh. The piwi-mediated pathway is primarily required for GSC maintenance, while the hh-mediated pathway is primarily required for SSC proliferation and also contributes to GSC maintenance (King et al. 2001) . Loss of Yb function leads to self-differentiation of GSCs to produce a few egg chambers, depleting the ovarian germline (King et al. 2001) . The loss of Yb function reduces the number of follicle cells, matching the reduction in germ line cells (King et al. 2001) . Somatic Yb overexpression increases the number of GSC-like cells (King et al. 2001) . piwi, which encodes a novel nucleoplasmic protein, is present in both somatic and germ line cells and acts as a key regulator of stem cell division. Its somatic expression modulates the number of GSCs and the rate of their division, while its germline expression contributes to promoting stem cell division in a cellautonomous manner (Cox et al. 2000) . Removing piwi protein from single GSCs significantly decreases the rate of their division (Cox et al. 2000) . Loss of piwi or dpp function causes Yb-like germline maintenance defects (King and Lin 1999) . Overexpression of piwi in somatic cells causes an increase both in the number of GSCs and their division (Cox et al. 2000) . Recently six dominant suppressors of piwi identified at the deficiency level, as well as six strong and three weak suppressors at the individual/sequence level were reported. Each of these suppressors had the ability to restore the self-renewing capacity of GSCs in piwi mutants suggesting a dosage sensitive mechanism that negatively interacts with piwi in regulating GSC division in Drosophila ovary (Smulders-Srinivasan and Lin 2003). The existence of multiple suppressors further implies that such negatively interacting and dosage sensitive mechanisms may be a significant component of the molecular machinery that regulates GSC division (SmuldersSrinivasan and Lin 2003).
Hedgehog signaling
hh, another downstream component of Yb regulates SSC divisions and plays only a minor role in germline proliferation where it safeguards GSC maintenance (King et al. 2001 ). Yb can regulate the level of hh expression in cap and terminal filament cells but not in other somatic or germline cells (King et al. 2001) . Hh is expressed in all cap and terminal filament cells, with stronger expression in cap cells (King et al. 2001) . hh signals SSC division by suppressing the activity of the PTC receptor on the surface of SSCs (Forbes et al. 1996a) . ptc j GSCs are capable of self-renewing divisions but don't yield egg chambers beyond stage 7 indicating that ptc has a germline-dependent function for egg chamber development at stage 8 (King et al. 2001; Forbes et al. 1996b) . Hyperactive hh signaling causes follicle cell over-proliferation and abnormal differentiation of follicle cells (Forbes et al. 1996b; Zhang and Kalderon 2000) . Disrupting hh signaling in SSCs by removing the function of hh downstream components such as smo and Ci result in rapid SSC loss (Zhang and Kalderon 2001) . Removal of patched, a negative regulator of the hh pathway, stabilizes SSCs (Zhang and Kalderon 2001) .
Wingless signaling
In Drosophila, Wg signal, expressed from the cap cell of the ovary, is transduced by Frizzled receptors, Frizzled (Fz) and Frizzled 2 (Fz2), resulting in the phosphorylation of the cytoplasmic protein disheveled (Dsh), inhibition of Shaggy (sgg) and Axin (Axn), stabilization of Armadillo (Arm) and activation of target gene expression (Peifer and Polakis 2000) . Somatic stem cell clones mutant for dsh were lost rapidly (Song and Xie 2003) . arm is required for DE-cadherin mediated cell adhesion and wg signaling in Drosophila. SSCs of arm mutants defective in wg signaling were lost faster than wild type (Song and Xie 2003) . Axn and sgg are downstream negative regulators of wg signaling, and removal of their function from the SSCs cause constitutive wg signaling. Mutants of sgg or Axn clones were also lost much faster than the wild type SSC clones, indicating that constitutive wg signaling also shortens the SSC lifespan (Song and Xie 2003) . Also mutant sgg or Axn follicle cells appear to express higher levels of Hts than wild-type follicle cells and could not properly integrate into egg chambers, accumulating instead as a disorganized cell mass between egg chambers (Song and Xie 2003) . Elimination of the wg signaling cascade from SSCs results in rapid loss; whereas constitutive signaling also destabilizes them, also causing their loss (Song and Xie 2003) .
TGF-b (dpp) signaling
dpp encodes a TGF-b family protein, and acts as a local signal as well as a long distance morphogen (Padgett et al. 1987 ). It acts directly on GSCs to inhibit cystoblast differentiation. Major participants in the Dpp signaling pathway have been identified. saxophone (sax) and thick veins (tkv) encode type I serine/threonine kinase transmembrane receptors, whereas, punt encodes a type II serine threonine kinase transmembrane receptor (Brummel et al. 1994; Nellen et al. 1994; Penton et al. 1994; Xie et al. 1994; Letsou et al. 1995; Ruberte et al. 1995) . Mothers against dpp (mad), medea (med) and daughters against dpp (Dad) encode a family of conserved TGF-b transducers (Sekelsky et al. 1995; Tsuneizumi et al. 1997; Das et al. 1998; Hudson et al. 1998; Wisotzkey et al. 1998) . Dpp binds both type I and II receptors to allow constitutively active punt kinase to phosphorylate and activate type I kinases, which phosphorylate Mad. The phosphorylated Mad brings Med into the nucleus as a transcriptional activator to stimulate dpp target gene expression (Xie and Spradling 1998) . Dpp sustains ovarian GSCs by suppressing differentiation in the stem cell niche. Dpp overexpression expanding the niche, blocks germ cell differentiation and causes GSC hyperplasia (tumors) (Xie and Spradling 1998; Chen and McKearin 2003a) . Mutations that reduce the role of dpp or its receptor sax, punt or tkv cause a dramatic reduction in stem cell numbers (Xie and Spradling 1998) . GSCs were also lost rapidly in mad and med clones (Xie and Spradling 1998) . Dad, which is a negative regulator of dpp signaling, antagonizes the function of dpp. GSCs mutant for dad were observed to be quite stable, much more than even the wild type (Xie and Spradling 1998) . But, its relative division rate was a little slower than the wild type, as was also observed in GSCs mutant for punt, tkv, med and mad (Xie and Spradling 1998) . Reduced dpp signaling caused premature stem cell loss (Margolis and Spradling 1995b) . Dpp signal transduction requires phosphorylation of Mad, its nuclear translocation, and binding to DNA target sites (Raftery and Sutherland 1999; Massague and Wotton 2000) . Mad is required genetically to prevent GSC loss; mad inactivation causes GSCs to convert precociously into cystoblasts. Transducing high levels of dpp signaling, such as those in the GSC niche or in dpp-overexpressing germaria (Kai and Spradling 2003), activate Mad which binds to the bam silencer element and recruits other components of the transcriptional silencing machinery. Mad transcriptional regulation requires the co-Smad, Medea (Raftery and Sutherland 1999) , and the GSCs lacking medea also differentiate precociously (Raftery and Sutherland 1999) . In GSCs, in which dpp signaling and pMad are highest (Kai and Spradling 2003) , the Mad-Med complex binds to the bam SE and prevents bam transcription. GSCs selfrenew because association of the anterior daughter with the stromal cell permits sufficient dpp signaling to block CB differentiation by assembling a repressor complex on the bam SE element. During division, the GSC daughter displaced from the cap cells, pre-CB cell (Ohlstein and McKearin 1997) , enters a region of diminished dpp signaling Spradling 1998, Kai and Spradling 2003) , which lowers pMad levels (Kai and Spradling 2003) and in turn the Mad-Med levels to fall causing derepression of bam transcription and concomitant activation of the CB differentiation program (Chen and McKearin 2003a) . Therefore dpp signaling not only is necessary but may also be rate limiting for stem cell maintenance (Xie and Spradling 1998) .
Mutations in the putative transcription factor stonewall (stwl) disrupted maintenance of female GSCs (Akiyama 2002) . The stwl mutations resulted in a loss of GSCs, causing a rapid decrease in egg chamber production (Akiyama 2002) . The egg chamber developed only to a limited extent before degenerating (Akiyama 2002) . DE-cadherin, encoded by shotgun (shg), encodes a Ca +2 -dependent transmembrane adhesion molecules, required for positioning oocytes in egg chambers and for border cell migration in the Drosophila ovary (Tepass et al. 1996; Uemura et al. 1996; Godt and Tepass 1998; Gonzalez-Reyes and St Johnston 1998) . It is also required for anchoring GSCs to their niche and maintaining SSCs in their niche in the adult Drosophila ovary . DEcadherin-mediated cell adhesion also requires betacatenin, encoded by armadillo (arm) in Drosophila (Riggleman et al. 1989) . DE-cadherins accumulate at high levels at contact sites between SSCs and their neighboring IGS cells . DEcadherin is essential for holding SSCs against IGS cells and preventing SSCs from moving away from their niche and therefore differentiating . Failure of GSCs to stay in their stem cell niches, because of defects in DE-cadherin-mediated cell adhesion, results in stem cell loss . The DE-cadherin adhesion system is responsible for the recruitment and anchoring of GSCs to their niche. However, they are not required for GSC development as stem cells, as long as these cells remain in the appropriate environment, even in the absence of DE-cadherin and Armadillo proteins, retain the self-renewal capacity and asymmetric division typical of stem cells (Gonzalez-Reyes 2003) .
High levels of Pum could be detected in the GSCs while high levels of Nos is present in the dividing cystoblast. Nos activity is required for the migration and germline cyst development. pum is required for GSC maintenance and Pumilio mutant ovaries fail to maintain stem cells and all germline cells differentiate into egg chambers (Forbes and Lehmann 1998) . While GSCs are established in nos mutants, the stem cell are abnormal with respect to spectrosome structure, proliferate slowly and die prematurely (Forbes and Lehmann 1998) . The arrest of germline cyst differentiation at the time when somatic cells normally encapsulate the cysts is a striking feature of the nos phenotype (Forbes and Lehmann 1998) . The stem cell loss in the nos mothers is caused by an agedependent, progressive loss of the plasma membrane (Bhat 1999) . When cystoblast differentiation factors, such as bam or bgcn, are inactivated, asymmetry is disrupted because both GSCs retain their GSC characteristics (McKearin and Ohlstein 1995; McKearin and Spradling 1990; Gateff 1982; Lavoie et al. 1999) . Low levels of Bam protein accumulates in fusomes (spectrosome), but bam mRNA is undetectable by in situ hybridization, indicating that bam is transcribed at a very low level in GSCs (McKearin and Spradling 1990; Chen and McKearin 2003b) . In the cystoblast and young cystocytes, bam transcripts become readily detectable, reflecting an upregulation in transcription rate or increased stability of the mRNA, producing high levels of Bam protein that begins to accumulate in the germ cells' cytoplasm and growing fusome (McKearin and Ohlstein 1995) . As cysts mature, the abundance of bam transcripts declines and bam mRNA is again undetectable in eight-cell cysts and the Bam protein levels fall precipitously once the 16 cell cysts forms such that Bam is again restricted to the fusome (McKearin and Ohlstein 1995) . bam plays a role of a necessary and sufficient cystoblast differentiation factor (Ohlstein and McKearin 1997) . Ectopic Bam expression causes GSC elimination, whereas loss of bam or bgcn causes hyperplasia of undifferentiated germ cells (Ohlstein and McKearin 1997) . One transcription control element in the 5 ¶-UTR of bam acts as a silencer in the GSC and is necessary for proper GSC and cystoblast fate (Chen and McKearin 2003b) . This element was recently shown to be a target for activated Mad-med proteins (Chen and McKearin 2003a) . All germ cells contain the factors necessary to activate the bam promoter, but only GSCs contains factors to repress bam transcription (Chen and McKearin 2003b) .
Food and mating stimulate stem cells
A meal of live yeast paste will stimulate a dramatic burst of stem cell division and egg production in an otherwise hungry Drosophila female, through a mechanism dependent upon insulin signaling (DrummondBarbosa and Spradling 2001, 2004) . During mating the male introduces sperm and several bioactive peptides into the female, and this also results in increased egg production (Heifetz et al. 2005; Wolfner 2002 ). Either of these pathways could conceivably fail during aging and contribute to reproductive senescence and decreased stem cell proliferation. In turn, insulin signaling negatively regulates Drosophila life span (Tatar 2004) .
Future directions
One key question is what is the cause of the dramatic reproductive decline during Drosophila aging? A defect might occur in the stem cells themselves, the cells of the stem cell niche, or in more distant tissues that send nourishment and signals to the ovary, such as the fat body and nervous system. One way to address this question might be to identify mutations or transgenes that can increase the reproductive life span, and then ask in what tissue they function.
Genetic selection for late life female reproduction readily increases reproductive (and organismal) life span of Drosophila populations, demonstrating that such genes exist (Partridge et al. 2005; Rose and Charlesworth 1980) , and several single-gene mutations have been reported to increase female reproductive life span (Helfand and Rogina 2003) .
The dramatic decline in egg production during aging indicates a dramatic decrease in stem cell division. However, some of this decrease could result from apoptosis and resorption of developing egg chambers , and it will be important to measure these events during aging. Even if defects in the stem cells themselves are not the primary cause of decreased egg production during Drosophila aging, the stem cells may still incur defects that contribute to reduced function. For example, a failure to maintain genome integrity could result in loss of homozygosity and other mutations, such as those observed in aging yeast cells (McMurray and Gottschling 2004) and human cancer cells (Maser and DePinho 2002; DePinho and Polyak 2004) . In the germ line this would manifest as an increased rate of mutations in progeny from old parents, and there are several reports of maternal and paternal age effects on mutation frequency in Drosophila (Hawley 2003) . In the soma, loss of genome integrity might lead to less functional follicle cells, which could in turn lead to a variety of phenotypes, including undernourished eggs or defective eggshells. Preliminary observations suggest an increased frequency of thin and otherwise abnormal eggshells during aging (unpublished data). Defects in either germ-line or somatic stem cells could contribute to the observed declines in viability of eggs and progeny from old females (Kern et al. 2001; Priest et al. 2002) .
In summary, Drosophila has been a leading model for aging research for the last century, and has recently emerged as a leading model for study of stem cell biology. It appears certain that these two areas will intersect in the next few years in an exciting and productive way.
